ABSTRACT: The effect of substituting Pro-L209 with Tyr, Phe, Glu, and Thr in photosynthetic reaction centers (RCs) from Rhodobacter sphaeroides was investigated by monitoring the light-induced FTIR absorption changes associated with the photoreduction of the secondary quinone Q B . Pro-L209 is close to a chain of ordered water molecules connecting Q B to the bulk phase. In wild-type RCs, two distinct main Q B binding sites (distal and proximal to the non-heme iron) have been described in the literature. The X-ray structures of the mutant RCs Pro-L209 f Tyr, Pro-L209 f Phe, and Pro-L209 f Glu have revealed that Q B occupies a proximal, intermediate, and distal position, respectively [Kuglstatter, A., Ermler, U., Michel, H., Baciou, L., and Fritzsch, G. (2001) Biochemistry 40, 4253-4260]. FTIR absorption changes associated with the reduction of Q B in Pro-L209 f Phe RCs reconstituted with 13 C-labeled ubiquinone show a highly specific IR fingerprint for the CdO and CdC modes of Q B upon selective labeling at C 1 or C 4 . This IR fingerprint is similar to those of wild-type RCs and the Pro-L209 f Tyr mutant [Breton, J., Boullais, C., Mioskowski, C., Sebban, P., Baciou, L., and Nabedryk, E. (2002) Biochemistry 41, 12921-12927], demonstrating that equivalent interactions occur between neutral Q B and the protein in wild-type and mutant RCs. It is concluded that in all RCs, neutral Q B in its functional state occupies a unique binding site which is favored to be the proximal site. This result contrasts with the multiple Q B binding sites found in crystal structures. With respect to wild-type RCs, the largest FTIR spectral changes upon Q B -formation are observed for the Phe-L209 and Tyr-L209 mutants which undergo similar protein structural changes and perturbations of the semiquinone modes. Smaller changes are observed for the Glu-L209 mutant, while the vibrational properties of the Thr-L209 mutant are essentially the same as those for native RCs.
The reaction center (RC) 1 from the photosynthetic purple bacterium Rhodobacter (Rb.) sphaeroides is a transmembrane protein complex that couples the light-induced transfer of two electrons and two protons to the secondary quinone Q B to form the quinol which then leaves the RC to be oxidized by another membrane protein complex, the cytochrome bc 1 complex (1). The resulting transmembrane proton gradient drives ATP synthesis. Since Q B is located in the interior of the protein, the protons required to stabilize the reduced quinone must be conducted through the protein from the cytoplasmic surface to the Q B binding site. In the highresolution structures of bacterial RCs, chains of protonatable amino acid residues and ordered water molecules that connect Q B to the bulk phase have been identified (2) (3) (4) (5) (6) and are presumably used for the uptake, transport, and delivery of protons to Q B . A number of spectroscopic studies of sitedirected mutant RCs from Rb. sphaeroides (for reviews, see refs 1, 7, and 8) have led to the identification of specific ionizable side chains, such as the key residues Glu-L212, Asp-L213, Ser-L223, Asp-M17, Asp-L210, and Glu-H173, that are likely to be involved in the proton pathway to Q B . Several of these residues are potentially connected to bound water molecules. However, the question of a unique entry point for the proton (9) (10) (11) or different protonation pathways (12, 13) is still under debate. It has been shown that the first electron-transfer step from Q A -to Q B with rate k AB (1), which does not involve direct protonation of the quinone, is coupled to the protonation of Glu-L212 (14) (15) (16) (17) (18) , and that the change of the ionization state of this carboxylic acid is the main response of the carboxylic cluster located near Q B upon Q B -formation (14, (19) (20) (21) . The second electron-transfer step is coupled to direct protonation of the quinone, and the proton pathway for the two protons to reduced Q B is proposed to involve several carboxylic acids before branching to Glu-L212 (17) . In this study, we will focus on the first electron transfer to Q B .
Besides mutations of protonatable residues near Q B that can affect the electrostatic environment and thus the electron/ proton-transfer rates, point mutations at the rigid Pro-L209 side chain (22) were originally designed to interrupt a water chain connecting Q B to the bulk phase. Pro-L209 is located 9 Å from Q B and is close to two water molecules belonging to a chain of 12 ordered water molecules. Mutations have involved aromatic (Tyr, Phe, Trp), carboxylic (Glu), and hydroxylic (Thr) side chains (22, 23) . In the aromatic mutants, the proton-coupled second transfer reaction and the proton uptake kinetics after the second flash are notably decreased compared to wild-type (WT) RCs (23) . The mutations Pro-L209 f Phe and Pro-L209 f Trp also reduce the first electron-transfer rate. In the Thr-and Glu-L209 mutants, the kinetic parameters are similar to those of WT RCs. The alteration of the electron/proton-transfer properties in the aromatic mutants (22) (23) (24) suggests structural changes in the organization of the chain of protonatable residues and water molecules.
Recently, the structures of three mutant RCs at the L209 position have been determined by X-ray crystallography (25) . The X-ray analysis reveals that the Pro-L209 f Tyr and Pro-L209 f Phe mutations do not interrupt the water chain while in the Pro-L209 f Glu mutant, the introduced Glu-L209 side chain replaces two water molecules. Moreover, the high-resolution structures of the Tyr-L209 (Figure 1 ) and Phe-L209 RCs show similar structural changes around Q B , with significant displacements of several polar amino acid side chains (Asp-L213, Thr-L226, Glu-H173) by up to 2.6 Å, but no changes in the protein backbone (25) . In contrast, no significant structural changes were observed in the Glu-L209 mutant. Interestingly, the mutations differently affect the position of Q B in the Phe-, Tyr-, and Glu-L209 RCs.
In the crystals of WT RCs from Rb. sphaeroides, the Q B molecule was found at two different main positions, proximal (4, (26) (27) (28) (29) (30) and distal (2, 4, 30 ; see also Figure 1 ) to the non-heme iron. In the work of Stowell et al. (4) at 90 K, Q B occupies a distal position in the dark-adapted crystals (refined to 2.2 Å) and a proximal position in the charge-separated state P + Q B -(at 2.6 Å resolution): Q B -is located ∼5 Å from the Q B distal position in the neutral PQ B state. However, a partially occupied proximal binding site was likely in the dark-adaptated structure. In the more recent work of Fritzsch et al. (30) at -150°C, the distal site has an occupancy of 55% and the proximal site of 45% in the dark state (at 1.87 Å resolution) with a ∼4.5 Å distance between the two positions. In the light-excited state (at 2.07 Å resolution), the occupancies are 10 and 90%, respectively. In both structures of Stowell et al. (4) and Fritzsch et al. (30) , the displacement of Q B between the two positions is accompanied by a 180°ring flip and only one carbonyl of Q B interacts with the protein (backbone NH of Ile-L224) in the distal site, while the two carbonyls form polar interactions with the surrounding protein in the proximal site, notably with His-L190 for the proximal C 4 dO 2 of Q B . The description of two binding sites for Q B has provided a molecular basis for a conformational gating model limiting the rate of the first electron transfer from Q A -to Q B (31, 32) , and has triggered a number of theoretical works on the functional implications of the two distinct Q B positions (33) (34) (35) (36) (37) (38) . Some of these studies (35, (37) (38) as well as recent experimental work (39) (40) (41) , however, suggest that Q B movement is not the sole contribution to the conformational gating step.
In the dark-adapted crystals of Tyr-L209 RCs at 5°C (25) , only one site is described for the location of Q B which is the proximal one ( Figure 1 ). The position of Q B in the Tyr-L209 mutant is thus similar to the one found for WT RCs after illumination at low temperature (4, 30) . However, the Q B ring in the Tyr-L209 mutant does not seem to undergo a 180°twist around the isoprenoid tail compared to the ring orientation in the light-adaptated structure of WT RCs. In the Phe-L209 mutant, the best fit for Q B was obtained for an intermediate position of Q B between the distal and proximal binding sites (25) . In the aromatic mutants, the displacement of Q B and the rearrangement of several side chains ( Figure 1 ) could lead to a reorganization of the hydrogen-bonded networks close to Q B . In contrast, no significant structural changes were observed in the Glu-L209 RC and a distal binding site was suggested for Q B in this mutant (25) .
Besides X-ray crystallography, the binding of quinones (Q A and Q B ) in native and mutant RCs can be investigated in detail by vibrational spectroscopy (42) . FTIR studies of RCs reconstituted with site-specific isotope labeled quinones have previously provided information on the bonding interactions of Q B (and Q A ) in native RCs from Rb. sphaeroides and Rhodopseudomonas (Rp.) Viridis (42, (43) (44) (45) , and in mutant RCs (46, 47) . Recently, a study of the FTIR vibrational properties of the neutral Q B molecule in the Pro-L209 f Tyr mutant was performed (47) . Lightinduced absorption changes associated with the reduction of Q B in the Pro-L209 f Tyr RCs reconstituted with 13 C 1 -or 13 C 4 -labeled Q 3 2 show a highly specific IR fingerprint for the CdO and CdC modes of Q B (47) , which is similar to that of WT RCs (44) . In both native and mutant RCs, the two carbonyls of neutral Q B absorb at 1641 ( 1 cm atoms reflects some asymmetry in the specific anchoring of the quinone in its binding pocket (44) . Since the FTIR data fit the description of the proximal site with the two carbonyls interacting with the protein, it was concluded that Q B occupies the same binding site in native and Tyr-L209 RCs and that neutral Q B in its functional state also binds to the proximal site in WT RCs (47) .
In addition to the determination of the bonding interactions of the neutral Q B , light-induced FTIR difference spectroscopy provides means to explore the protein structural rearrangements (backbone and side chains), the changes of protonation state of carboxylic acids, and the semiquinone-protein interactions (14, 42, 44, 45) . In this report, the effect of substituting Pro-L209 with Thr, Glu, Phe, and Tyr in RCs from Rb. sphaeroides was investigated by monitoring in 1 H 2 O and 2 H 2 O the light-induced FTIR absorption changes associated with the photoreduction of Q B . Since Q B occupies different positions in the X-ray structures of the L209 mutants, the vibrational properties of Q B should differ for the Tyr-, Phe-, and Glu-L209 RCs. Interactions of Q B and Q B -with the protein in the Phe-L209 mutant were investigated by using site-specific 13 C-labeled ubiquinone to reconstitute the Q B site, and were compared to those previously found for the Tyr-L209 RCs (47) . With respect to WT RCs, the largest FTIR spectral changes are observed for the two aromatic mutant RCs Phe-L209 and Tyr-L209 which undergo similar protein structural changes as well as similar perturbations of the semiquinone modes upon first electron transfer to Q B . On the other hand, identical bonding interactions of the neutral Q B with the protein are found in all native and mutant RCs and it will be shown that these data can be related to an identical Q B position at the proximal site in functional RCs.
MATERIALS AND METHODS
The construction of the site-directed mutants and the isolation of purified RCs are described in ref 22 . A detailed description of the preparation of RC samples for FTIR experiments is given in refs 14 and 44: RC samples (∼0.2 mM) in 90 mM Tris buffer (pH 7) contained an excess of ubiquinone (Q 6 or Q 3 ). Q 6 was purchased from Sigma. The synthesis of Q 3 selectively labeled with 13 C at the 1-or the 4-position has been reported previously (48) . The preparation of RC samples in Steady-state light-induced FTIR difference spectra of the Q B to Q B -transition in native and mutant RCs were recorded at 15°C with a Nicolet 60SX spectrometer, as described in refs 14 and 44. The Q B -state was generated by excitation with a single saturating flash (Nd:YAG laser, 7 ns, 530 nm). Difference spectra were calculated from each 128 scans (acquisition time: 23 s) recorded before and after laser flash excitation. For a given sample, these measurements were repeated over ∼30 h. Spectra are an average of two to three samples. , C-O-CH 3 at 1265 and 1290 cm -1 ), and the protein at 1728, 1685, 1651, 1641, 1554, 1537, 1527, and 1514 cm -1 (14, 42, 44) . Among the series of L209 mutants, the Q B -/Q B spectrum of Thr-L209 RCs (Figure 2b ) is the only one that is close to that of native RCs. Similarly to native RCs, it displays a main positive anion band at 1480 cm -1 , a differential signal at 1652/1641 cm -1 lying in the amide I (80% peptide CdO stretching; 49) and in the Q B CdO (at least partially at 1641 cm -1 ) spectral ranges, and a positive band at 1728 cm -1 , which, in native RCs, has been assigned to protonation of Glu-L212 upon Q B -formation (14, 15) . A few signals are however affected in Thr-L209 RCs, notably at ∼1548 and 1533 cm -1 in the amide II region (60% peptide NH bending and 40% C-N stretching; 49) and at 1681 cm -1 .
RESULTS

Q B
In contrast to the Thr-L209 RCs, the Q B -/Q B spectra of the aromatic and carboxylic mutants display drastic differences in the whole 1750-1400 cm -1 region, although the general IR pattern of the two aromatic mutants is closely related. Both spectra of Phe-L209 ( Figure 2d In all the mutant spectra (Figure 2) , contributions from the methoxy groups of Q B are consistently detected at ∼1290 and 1265 cm (14, (19) (20) (21) . , and 1400 and 1200 cm -1 which are not affected by the binding of labeled quinone, correspond mostly to the absorption of protein and unlabeled quinone (methyl, methoxy, and isoprenoid chain) groups. However, distinct isotopic effects for 13 C 1 -and 13 C 4 -labeling occur in the 1600-1625 cm -1 range and between 1500 and 1400 cm -1 . All these effects are best visualized in the "double-difference" spectra (Figure 4a Figure 4 , panels b and a, respectively. In these spectra, the IR bands of the neutral unlabeled quinone (1660-1600 cm -1 ) appear with a positive sign, while the downshifted bands of the labeled quinone exhibit a negative sign. The semiquinone bands in the 1500-1400 cm -1 range exhibit a reverse behavior. Such isotopeedited double-difference spectra for 13 C 1 -and 13 C 4 -labeling represent IR fingerprints for the interactions of the quinone and semiquinone in their respective protein binding site (44, 47, 51) .
Both double-difference spectra of the Phe-L209 mutant (Figure 4a 
DISCUSSION
The present FTIR data show that several protein and semiquinone modes are severely affected upon first electron transfer to Q B in Rb. sphaeroides mutant RCs in which Pro-L209 was replaced with Tyr, Phe, or Glu. These observations will be discussed in the frame of perturbations of the semiquinone-protein interactions and protein structural changes in these mutants. On the other hand, the overall similarity of the Q B -/Q B spectra of WT and Thr-L209 RCs indicates strong structural analogies between the functional states Q B and Q B -of the two RCs. Similar bonding interactions of the neutral secondary quinone with the protein found in all RCs will be related to an identical Q B position in functional RCs.
Unique Q B Binding Site in Mutant RCs at Position L209. The isotope-edited IR spectra of the Phe-L209 RCs reconstituted with selectively labeled Q 3 display a unique band at 1642-1643 cm -1 (Figure 4a,b ). These data demonstrate that both CdO of neutral Q B contribute equally at 1642-1643 cm -1 and that each carbonyl of Q B is engaged in comparable interactions with the protein. The frequency downshift of the 1642-1643 cm -1 band with respect to isolated ubiquinone (1664-1650 cm -1 ; 51, 52) indicates moderate symmetrical hydrogen bonding of Q B to the protein binding site. Table 1 shows that the CdO frequency of the Phe-L209 mutant is highly comparable to the one observed at 1641-1642 cm -1 for WT RCs from Rb. sphaeroides and Rp. Viridis (44), and at 1640 cm -1 for the Tyr-L209 mutant (47) . The 1-3 cm -1 frequency shift observed for the unique CdO band seen in all RCs (Table 1) could account for slight differences in hydrogen bond strengths or dielectric constant of the Q B environment. In addition, the pattern and the frequencies of the CdC modes of Q B in the Phe-L209 mutant show a shift of the positive band at 1611 to 1602 cm -1 upon 13 C 1 -labeling (Figure 4b) , and no effect upon 13 C 4 -labeling (Figure 4a) . A similar shift upon 13 C 1 -labeling has been observed in WT RCs from Rb. sphaeroides and Rp. Viridis, as well as in Tyr-L209 RCs (Table 1) . For isolated Q 3 , the shift of the CdC mode is the same (from 1610 to 1600 cm -1 ) for both 13 C 1 -and 13 C 4 -labeling indicating that the coupling of CdC and CdO modes at the C 1 and C 4 positions are equivalent (44) . It therefore appears that in the Phe-L209 mutant, as previously reported for WT (44) and mutant (46, 47) RCs, the coupling of the CdC mode with the 13 C 1 dO mode is not identical to the one with the 13 C 4 dO mode. This means that the constraint of the protein in the environment of the C 1 FIGURE 4: Light-induced Q B -/Q B FTIR difference spectra at pH 7 and 15°C of Pro-L209 f Phe mutant RCs reconstituted with (e) unlabeled Q 3 , (d) 13 C 1 -labeled Q 3 , and (c) 13 C 4 -labeled Q 3 . Calculated double-difference spectra (isotopically labeled-minusunlabeled) obtained for 13 C 1 -labeling (b), and 13 C 4 -labeling (a). About 150 000 interferograms were averaged. The tick marks on the vertical axis are separated by 10 -4 absorbance unit. and C 4 atoms is not equivalent, so that the C 4 atom of Q B is specifically perturbed compared to the isolated Q 3 molecule in solution. Possible explanations, involving the anchoring of the methyl group at C 5 and/or differences in the conformation of the two methoxy groups at C 2 and C 3 , have been discussed in detail in a previous paper (44) .
From the highly comparable IR fingerprints observed for the CdO and CdC modes of Q B in WT and Tyr-L209 RCs, it has been previously concluded that the neutral state of the functional Q B occupies the same binding site in these two RCs (47) . The equivalence of frequency of the two carbonyls of Q B rather favors the proximal Q B binding site owing to its hydrogen bonding pattern described in the various X-ray structures of native and mutant RCs. In the proximal site, both CdO of Q B are within hydrogen bonding distance to the surrounding protein (25) (26) (27) (28) (29) (30) , while in the distal site, only one CdO is described to interact with the protein (2, 4, 30) . For the Tyr-L209 mutant, the FTIR data (47) fit the unique proximal Q B site described for the location of the quinone in the dark-adapted structure at 5°C of the crystals of this mutant RC (25) . For WT RCs, our FTIR data also favored the proximal Q B conformation as the binding site of neutral Q B in functional RCs from Rb. sphaeroides and Rp. Viridis (47). More generally, only one Q B site is detected by FTIR spectroscopy in all native and mutant RCs (44, 46, 47) . This is difficult to reconcile with the main distal Q B structure found by Stowell et al. (4), in dark-adapted crystals of Rb. sphaeroides RCs as well as with the most recent X-ray structure of native RCs crystals from Rb. sphaeroides obtained by Fritszch et al. (30) showing heterogeneous bonding of the quinone with 55% Q B occupying the distal site in the dark state. In contrast, it should be noticed that the FTIR data on Rp. Viridis RCs (44) agree with the structurally best described Q B site in Rp. Viridis RCs (at 2.45 Å) showing a well-defined proximal position with full occupancy of the Q B site (32) .
Since the frequency of the two carbonyls and the IR fingerprint of the coupling of the CdO and CdC modes of Q B in the Phe-L209 mutant are essentially the same as those described for native and Tyr-L209 RCs (Table 1) , we propose that the neutral state of the functional Q B in the Phe-L209 mutant also occupies the proximal site. A preliminary FTIR study of Glu-L209 RCs reconstituted with specifically 13 Clabeled quinones also suggests a unique proximal Q B site (unpublished). At first sight, these FTIR conclusions are not in agreement with the X-ray structure analyses of the Phe-L209 and Glu-L209 RCs favoring an intermediate and distal position of Q B , respectively. However, identification of the exact Q B location in the structural models of these two mutant RCs was somewhat ambiguous (25) . (Figure 2e,d) . However, they display large changes with respect to the spectrum of Rb. sphaeroides RCs (Figure 2a) , suggesting different interactions of Q B -with the protein in these mutants as compared to WT RCs. In WT RCs from Rb. sphaeroides, the main anion band at 1479 cm -1 ( Figure  2a , Table 2 ) is similarly shifted by either 13 C 1 and 13 C 4 labels (44). Consequently, the 1479 cm -1 band has been previously attributed to the two C ‚‚‚ O modes coupled to C ‚‚‚ C modes of the semiquinone. Small shoulders at ∼1490 and 1461 cm -1 (Table 2 ) on the main 1479 cm -1 peak have been tentatively assigned to C ‚‚‚ C modes (44) . Moreover, the ∼1490 cm -1 shoulder exhibits different behaviors upon selective 13 C 1 -or 13 C 4 -labeling, leading to the observation of a positive signal at 1489 cm -1 in the 13 C 1 -minus-
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C double difference spectrum of WT RCs and a negative signal at 1491 cm -1 in the 13 C 4 -minus-12 C spectrum. This reveals an inequivalence of the C ‚‚‚ C modes of the semiquinone involving the C 1 and C 4 atoms, as also observed for the CdC modes of neutral Q B (44) . Nevertheless, the absence of splitting of the 1479 cm -1 band and its comparable frequency downshift upon either 13 C 1 -or 13 C 4 -labeling favor equivalent hydrogen bonding interactions of the two carbonyls of Q B -to the protein in WT RCs. In Rp. Viridis RCs (Table 2) , the main anion band peaks at 1475 cm -1 with shoulders at 1493 and 1461 cm -1 which have been also tentatively assigned to C ‚‚‚ C modes (44) . Here also, the pattern of the highest frequency feature leads to positive (at 1489 cm -1 ) and negative (at 1490 cm -1 ) signals in the 13 C 1 -minus- Table  2 ). In both Tyr-L209 and Phe-L209 RCs, the observations of two bands at 1494 and 1473-1470 cm -1 upon 13 C 4 -labeling, together with the absence of any peak at 1494 cm -1 upon 13 C 1 -labeling point to an assignment of the 1494 cm . Further studies of L209 mutant RCs reconstituted with quinone labeled with 18 O on both carbonyls would be necessary to investigate the relative contribution of the C ‚‚‚ O and C ‚‚‚ C modes at 1494 and 1473-1470 cm (Table 2 ; 44), i.e., similarities in the pattern and the relative amplitudes of the positive and negative bands are observed in the semiquinone range of the doubledifference spectra of Tyr-L209, Phe-L209, and Rp. Viridis RCs. Notably, for the labeled semiquinone, the amplitude of a mode at 1412 cm -1 is found to be larger for labeling at the 1-than at the 4-position while the situation is reversed for a mode at around 1440 cm -1 (Figure 4a,b; 47) , as also observed for WT RCs from Rp. Viridis, and to a lesser extent for WT RCs from Rb. sphaeroides (44) . The larger width and the 4 cm -1 downshift of the main anion band in Rp. Viridis (1475 cm -1 ) compared to Rb. sphaeroides (1479 cm -1 ) has been previously related to the few residues lining the Q B pocket that differ between the two organisms (44) and that can differently affect the electrostatic environment of the quinone.
In the aromatic mutants, the introduction of a Tyr or Phe at position L209 induces a displacement of several polar side chains (25) , some of them belonging to the carboxylic cluster near Q B . Therefore, the charge distribution near the cluster should be different in the aromatic mutants compared to WT RCs, and consequently, it could have an effect on the coupling of the C ‚‚‚ O and C ‚‚‚ C modes of the Q B -anion, and thus on the frequency/intensity of the semiquinone bands in the spectra of the mutant RCs. Alternatively, a change in the electrostatic around the secondary quinone in the aromatic mutants could induce a minor displacement of the semiquinone ring compared to the position of the Q B -ring in WT RCs. It is generally admitted that the semiquinone in native and mutant RCs occupies an identical (proximal) position. The differences observed between the IR fingerprints of the semiquinone in WT RCs from Rb. sphaeroides and Rp. Viridis and in the two aromatic mutant RCs are probably not related to a different site of Q B -in the mutants with respect to WT RCs and can be explained by a different coupling of the C ‚‚‚ O and C ‚‚‚ C modes in the anion of the mutants. However, a small displacement of the semiquinone ring within the proximal site in the aromatic mutants cannot be totally excluded from the present IR data. -of the two RCs. In agreement with these FTIR data, comparable kinetic and energetic parameters were observed for the first and second electron-transfer steps in these two RCs (23) .
IR Response of the Protein upon Q B Reduction in the L209
(
b) Structural Changes ObserVed in the Glu-L209 RCs upon Q B
-Formation. With respect to WT RCs, the Q B -/Q B spectrum of Glu-L209 RCs shows several differences, i.e., in the amide I (at 1652 and 1661 cm -1 ) and amide II (at 1548 and 1527 cm -1 ) regions as well as in the semiquinone absorption range where the shoulder at 1495 cm -1 on the main anion peak at 1476 cm -1 is more pronounced than the one at ∼1491 cm -1 on the 1479 cm -1 peak of WT RCs. All these observations are indicative of different structural changes accompanying Q B reduction in this mutant as compared to WT RCs. It has to be noticed that protein structural changes and perturbations of the semiquinoneprotein interactions are smaller in the Glu-L209 RCs than in the aromatic mutants (see next section). These FTIR results are in agreement with the X-ray structural models of the Tyr-L209 (Figure 1) and Phe-L209 RCs showing local structural changes in the aromatic mutants and no significant structural changes in the Glu-L209 RC, except for the introduced carboxylic side chain of Glu-L209 located within the water chain (25) . Figure  1 ) and Phe-L209 (25) . Notably, comparable displacements of the Asp-L213 (1.7 Å), Thr-L226 (2.6 Å), and Glu-H173 (1.2 Å) side chains occur (Figure 1 ) in the two aromatic mutants, and a hydrogen bond not seen in WT RCs is formed between Glu-H173 and Arg-H177. In the Q B -/Q B spectra of Tyr-L209 and Phe-L209 RCs, the signals observed in the 1670-1650 cm -1 range might arise from a small perturbation delocalized over several different residues such as the ones described above, or a localized perturbation at a specific amino acid. Another possibility would be a localized conformational change at the site of the mutation. In this latter case, the large differential signal observed in the amide II region at ∼1548/1527 cm -1 of the Tyr-, Phe-, and Glu-L209 RCs support a conformational change of the peptide NH at position L209 upon replacement of an imino acid (Pro) with an amino (Tyr, Phe, Glu) acid. Considering both the X-ray (25) and FTIR data on the Tyr-L209 and Phe-L209 RCs, it can be concluded that the introduction of Tyr or Phe at the position L209 causes similar rearrangement of the organized pattern near Q B , and that this pattern is similarly affected by Q B reduction in the two aromatic mutants.
( (14, 15) . FTIR spectroscopy combined with site-directed mutagenesis has revealed that Glu-L212 is the main contributor of the carboxylic cluster nearby Q B to proton uptake (0. The Thr-L209 and Glu-L209 RCs show comparable features with respect to WT RCs, i.e., a main peak at 1728-1729 cm -1 in 1 H 2 O (Figure 2 ), a new feature at 1718 cm -1 in 2 H 2 O with a remaining signal at 1729-1730 cm -1 ( Figure  3 ). This comparable behavior of the main carboxylic band in the Thr-L209 and Glu-L209 mutant RCs as well as in native RCs strongly favors the involvement of a common residue. The positive signal at 1728-1729 cm -1 in the Q B -/ Q B spectra of Glu-L209 and Thr-L209 RCs is thus attributed to a (partial) protonation of Glu-L212 upon reduction of Q B . In the X-ray structure of the Glu-L209 mutant RC (25) , the introduced Glu-L209 side chain replaces two water molecules and the formation of a hydrogen bond between Glu-L212 and Glu-L209 is proposed, suggesting that one of these residues (Glu-L212) is protonated. The present FTIR data suggest that, in the Glu-L209 mutant, Glu-L212 is at least partially ionized in the Q B neutral state, and thus Glu-L209 would have to be at least partially protonated.
In the absorption range of protonated carboxylic groups, the main peak of the Q B -/Q B spectra of Tyr-L209 and Phe-L209 RCs in 1 H 2 O is upshifted by 3 and 2 cm , respectively, compared to the 1728 cm -1 peak in WT RCs (Figure 2 ). The corresponding spectra in 2 H 2 O show a positive signal at 1731-1732 cm -1 with no apparent new feature at lower frequency, as it is observed at 1718 cm -1 for WT, Glu-L209, and Thr-L209 RCs (Figure 3) . Perturbation of the Glu-L212 environment in the aromatic mutants might account for such effects. However, an unambiguous attribution of the 1731-1730 cm -1 signals in the Tyr-L209 and Phe-L209 RCs would deserve further investigation.
CONCLUSION
The structural properties of the Thr-L209 mutant RCs monitored by light-induced FTIR difference spectroscopy of the reduction of the secondary quinone are essentially the same as those for WT RCs, in agreement with similar functional characteristics of WT and Thr-L209 RCs (23) . For the Tyr-L209, Phe-L209, and Glu-209 mutant RCs, the reduction of Q B is accompanied by protein rearrangements (backbone and/or side chains) with similar structural changes occurring in the two aromatic mutants while smaller changes are observed in the Glu-L209 RC.
The isotope-edited IR fingerprints for the semiquinone Q B -of the Tyr-L209 and Phe-L209 mutant RCs display changes as compared to WT RCs, indicative of different interactions of the quinone anion with the protein in these mutants. In contrast, the IR fingerprints for the neutral Q B binding site of native and mutant (Tyr-, Phe-, and Glu-L209) RCs all show a unique CdO band at 1643-1640 cm -1 and a similar inequivalence of the CdC modes for selective labeling at C 1 or at C 4 . The 1643-1640 cm -1 frequency is indicative of moderate and symmetrical hydrogen bonding of the two CdO of neutral Q B with the protein binding site. It is concluded that in all RCs the functional state of the neutral Q B occupies a unique binding site which is favored to be the position proximal to the non-heme iron.
